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Leishmania is a single-cell eukaryotic parasite of the
Trypanosomatidae family, whosemembers cause an
array of tropical diseases. The often fatal outcome of
infections, lack of effective vaccines, limited selec-
tion of therapeutic drugs, and emerging resistant
strains, underline the need to develop strategies to
combat these pathogens. The Trypanosomatid ribo-
some has recently been highlighted as a promising
therapeutic target due to structural features that
are distinct from other eukaryotes. Here, we present
the 2.8-A˚ resolution structure of the Leishmania
donovani large ribosomal subunit (LSU) derived
from a cryo-EM map, further enabling the structural
observation of eukaryotic rRNA modifications that
play a significant role in ribosome assembly and
function. The structure illustrates the unique frag-
mented nature of leishmanial LSU rRNA and high-
lights the irregular distribution of rRNA modifications
in Leishmania, a characteristic with implications for
anti-parasitic drug development.
INTRODUCTION
L. donovani belongs to a distinct order of protozoan parasites
called kinetoplastids, several of which are dangerous patho-
gens for humans and represent a major global health concern;
these include Trypanosoma cruzi (T. cruzi), Trypanosoma brucei
(T. brucei), and various Leishmania species that cause Chagas’
disease, African sleeping sickness, and leishmaniasis, respec-
tively. Kinetoplastids are markedly diverged from other species
in the eukaryotic lineage and are characterized by numerous
distinct features at the genetic, biochemical, and cytological
levels (extensively reviewed in Fernandez-Rodrigez et al., 2014).
One particularly interesting peculiarity of kinetoplastids lies in
their cytosolic ribosomes, which include an unusual segmenta-
tion of their large ribosomal subunit (LSU) 26S rRNA (Herna´ndez
and Cevallos, 2014), extensive number of rRNA modification
sites (Eliaz et al., 2015), and enlarged rRNA expansions (Gao288 Cell Reports 16, 288–294, July 12, 2016 ª 2016
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on these unique features in trypanosomatid ribosomes, aiming
at exploiting them as targets for the development of novel anti-
parasitic drugs (Michaeli et al., 2012). Notwithstanding these
efforts, the mechanism of rRNA segmentation and its biological
role remain largely obscure. Electron cryo-microscopy (cryo-EM)
investigations of ribosomes from T. cruzi and T. brucei at reso-
lutions of 12 A˚ and 5.6 A˚, respectively, have demonstrated
the overall segmented architecture of kinetoplastid ribosomes
(Gao et al., 2005; Hashem et al., 2013). However, the limited
resolution of these earlier studies precluded the building of
atomic models and understanding of functional aspects in detail.
Here, we describe a high-resolution structure of the large ribo-
somal subunit from L. donovani promastigotes recently isolated
from a spleen biopsy of a visceral leishmaniasis patient in north-
ern Ethiopia. The structure is based on a 2.8-A˚ cryo-EM recon-
struction of the leishmanial LSU that enabled determination of
a nearly complete atomic model. The high-resolution cryo-EM
map obtained in this study has also enabled the direct visuali-
zation of the unusual rRNA modification pattern in Leishmania.
Some of these modification loci were recently predicted using
bioinformatics tools (Eliaz et al., 2015), and our structure
provides experimental evidence for the existence of these
modifications on the leishmanial ribosome. The L. donovani
LSU atomic model presented here will serve as a reliable tem-
plate for future structure-based drug design.
RESULTS AND DISCUSSION
Cryo-EM Analysis and Model Building
We employed single-particle cryo-EM to obtain a 3D map of the
L. donovani LSU at resolution of 2.8 A˚. For these studies, we
purified intact 91S leishmanial ribosomes and initially obtained
a 3D map of the entire apparatus. However, the wide range of
conformations of the small subunit (SSU) relative to the LSU
limited the resolution in this region. This problem was com-
pounded by internal flexibility within the SSU, evident from our
further attempts of masked refinement with signal subtraction
of the LSU resulting in SSU maps with resolution lower than
4 A˚ (Figures S1 and S2). As such, the 3D maps for the SSU
were insufficient for fully reliable model building and refinement.
Thus, we focused our efforts on obtaining the structure of thecreativecommons.org/licenses/by-nc-nd/4.0/).
Figure 1. Cryo-EM Map and Modeling of
L. donovani
(A) LSU surface (left) and cross-section (right)
representations of the cryo-EM density map
colored according to local resolution distribution.
(B and C) Snapshots of map versus model from
segments of protein uL2 (B) and 26S rRNA chain a
(C). The arrow in (C) points to the density (red)
corresponding to a Mg+2 ion (green) interacting
with the rRNA phosphate backbone.
(D and E) Two examples of rRNA modifications
observed.
(D) The 20-O methyl group of G856 of a 26S
rRNA. A total of 46 20-O methylated residues
were modeled in the map. A detailed list of rRNA
modifications is supplemented to the manuscript
(Table S2).
(E) Dihydrouridine distorted ring in 26S rRNA res-
idueU1404 of b 26S. The arrows in (D) and (E) point
to the densities for methyl group and ring distor-
tion, respectively.67S LSU that includes the peptide bond formation site (peptidyl
transferase center, PTC), the nascent-protein exit tunnel, and
several significant unique features of the leishmanial ribosome.
Refinement of the LSU cryo-EM reconstruction resulted in an
improved map with a global resolution of 2.8 A˚. Large regions
of the map, mainly located in the particle’s core, showed better
than 2.6-A˚ resolution, whereas only a few highly flexible periph-
eral regions showed resolution lower than 3.5 A˚ (Figures 1A–1C
and S1–S3). The cryo-EM density enabled the building, refine-
ment, and validation of an atomic model with over 80% of the
total rRNA content and 38 out of 43 proteins of the 67S (Fig-
ure 2A; Table S1). Homology based models of two additional
proteins with a highly flexible nature (uL6 and uL16) were
docked to low resolution map areas located on the ribosome
solvent exposed surface. Consistent with the reported resolu-
tion, post-transcriptional rRNA modifications such as 20-O
methylations or dihydrouridination, as well as structurally or-
dered solvent molecules including metal ions (Mg+2) and water
molecules could also be assigned in well resolved density re-
gions (Figures 1D, 1E, S3, and S4; Table S2). Surface exposed
regions for which only partial density was visible were not
included in our final model. These areas are often disordered
(Ben-Shem et al., 2011; Rabl et al., 2011) and include protein
uL1 that is located on the edge of the L1 stalk, an rRNA segment
belonging to the GTPase center, and the L7/12 stalk along with
protein uL11 and the acidic P proteins residing within the sameCregion (Table S1). In addition, some flex-
ible parts of kinetoplastid-specific rRNA
expansion segments as well as protein
eL40 could not be fully resolved and
therefore their coordinates were not as-
signed to the final model. Mass spec-
troscopy (MS) analysis of the sample
used for cryo-EM indicated the presence
of all proteins, including the acidic P pro-
teins P0, and P1yP2 (Table S1), sup-
porting our interpretation that the lackof density for these elements in our map stems primarily from
their high flexibility.
Structure of the Leishmania Ribosome LSU and
Comparison to Other Eukaryotic Ribosomes
Despite the relatively low sequence conservation with other
eukaryotes, the structures of leishmanial ribosomal proteins
are homologous to those previously reported in high-resolution
structures of yeast (Ben-Shem et al., 2011), human (Khatter
et al., 2015), malaria (Wong et al., 2014), and Tetrahymena ribo-
somes (Rabl et al., 2011). Themain two exceptions regarding the
Leishmania LSU protein profile are themarkedly extended C-ter-
minal of protein eL19, containing an additional60 residues, and
the absence of protein eL41 (Table S1). eL19 and eL41 do not
have counterparts in bacterial ribosomes and play an important
role in the formation of the eukaryote/archaea specific inter-sub-
unit bridges eB12 and eB14, respectively. Similar exceptions in
protein composition were also highlighted in previous studies
of T. cruzi and T. brucei ribosomes (Gao et al., 2005; Hashem
et al., 2013) and thus do not represent unique features of the
leishmanial ribosome, but are likely common to all members
belonging to the kinetoplastid order.
In contrast to the rather conserved ribosomal protein profile,
the leishmanial rRNA content is greatly diverged from other eu-
karyotes, particularly in eukaryote specific expansion segments
localized on the ribosome periphery (Figure S5). Comparison ofell Reports 16, 288–294, July 12, 2016 289
Figure 2. Structure of L. donovani LSU
(A) Protein distribution from two LSU views:
solvent facing side (left) and subunit interface
(right). The ribosomal proteins are shown as var-
iably colored cartoon representations and rRNA is
shown as a light gray ribbon.
(B) Tertiary structure of rRNA distribution in the
leishmanial ribosome LSU as viewed from either
the solvent exposed side (left) or the inter-subunit
interface (right). 5S rRNA is shown in dark green,
5.8S is shown in yellow, and 26S rRNA segments
a, b, g, d, ε, and z are shown in red, cyan, blue,
green, purple, and orange, respectively.
(C) Typical rRNA encoding operons in prokaryotes,
eukaryotes, and kinetoplastids. *The largest LSU
component (25–28S) varies greatly in length within
different species. In all images, the promoters are
marked as arrows pointing in the direction of
transcription. The ITSs are numbered according to
their order in the transcription unit.
(D) Schematic diagram of rRNA secondary struc-
ture in L. donovani LSU. The functional sites are
highlighted in the image.rRNA content with other trypanosomatids indicates an overall
sequence similarity of 73%. Interestingly, variability is only limited
to the trypanosomatid-specific rRNA expansions that highly
diverge in both sequence and length. These variable expansion
regions are likely to interact with satellite components that sup-
port and monitor the translational activity, but are not directly
involved in decoding and peptide bond formation, namely in the
ribosome functional catalysis. Due to the observed variation
among different species in the kinetoplastid order, these regions
might serve as potential selective targets for species-specific
drug design.
LSU rRNA Segments Converge to Three Focal Points
Involving 5.8S
The most striking divergence of kinetoplastid ribosomes is
the atypical fragmentation of their LSU 26S rRNA into six290 Cell Reports 16, 288–294, July 12, 2016distinct segments (Herna´ndez and Ce-
vallos, 2014). The 26S rRNA segments
in Leishmania are designated as alpha
(a), beta (b), gamma (g), delta (d), epsilon
(ε), and zeta (z) and are composed of
1,782, 1,527, 213, 183, 133 and 76 nucle-
otides, respectively (Figures 2B–2D).
These segments along with the rather
conserved 5S and 5.8S rRNA fragments
bring the total LSU rRNA count to eight
chains, compared to only two or three
chains in bacteria and other eukaryotes,
respectively (Figure 2C). Previous struc-
tures of Trypanosoma ribosomes at inter-
mediate-to-low resolutions (Gao et al.,
2005; Hashem et al., 2013) provided valu-
able insights regarding the unique rRNA
fragmentation pattern in kinetoplastids.
Our present cryo-EM map at 2.8-A˚enabled the atomic structure of all eight rRNA chains including
the delineation of specific interactions between these chains
(Figures 2B–2D). The Leishmania ribosome LSU structure con-
firms that, despite the segmented nature of the rRNA, the ribo-
somal functional cores adopt an overall 3D architecture that is
common to other eukaryotic ribosomes. In terms of sequences,
the functional regions of the leishmanial ribosome are highly
conserved among class members and are similar to other
ribosomal species. However, in contrast to most ribosomes
where the functional domains are assembled from a single
rRNA chain (23S/28S), the functional sites in kinetoplastid LSU
are composed of three different rRNA chains. These elements
are highlighted in the 2D maps derived from our 3D structure
(Figures 2D and S4) and include the PTC (b), the peptide exit
tunnel (a and b), the saricin-ricin loop (SRL-loop, d), the L1 stalk
(b), and the GTPase center (a). Nevertheless, despite being
Figure 3. Focal Points of LSU rRNA
Segmentation
26S rRNA segment terminals in the leishmanial
ribosome converge to three focal points, all
located on the solvent exposed side of the LSU.
(A) LSU surface with localization of the three focal
points in regards to the ribosome exit tunnel. The
5.8S rRNA chain is presented as yellow surface
and all other chains are represented as cartoon
tubes.
(B) Focal point I includes the 50 and 30 ends of d, ε,
and z, as well as the 50 end of the 5.8S rRNA.
(C) Focal point II includes a 50 and 5.8S 30 ends.
(D) Focal point III includes both terminals of the g
unit as well as a 30 and b 50 ends. 5S rRNA is shown
in dark green, 5.8S is shown in yellow, and 26S
segments a, b, g, d, ε, and z are shown in red, cyan,
blue, green, purple, and orange, respectively. The
ribosomal proteins are illustrated as gray car-
toons. The proteins in close proximity to the focal
point cavity are labeled accordingly.composed of several fragments, the structural elements are
similar to other ribosomes, indicating a well-established confor-
mational integrity that maintains the functional domains in an
active state.
Strikingly, the structure shows that the ends of all rRNA
fragments converge into three separate focal points, all
located at solvent-exposed surface cavities (Figure 3A). One
focal point (point I) is localized in close proximity to the highly
conserved LSU proteins uL3, uL13, uL22, and eL33. Focal
point I includes both 50 and 30 ends of d, ε, and z, as well as
the 50 end of the 5.8S rRNA (Figure 3B). Two trypanosome
specific rRNA expansions, ES43L and KSE5 (Figure S6A),
also converge to this focal cavity. The second focal point
(point II) includes the 30 end of 5.8S and 50 end of a chain
and maintains close interactions with the eukaryote specific
protein eL8 (Figure 3C). The third focal point (point III) is
localized within a pocket defined by three eukaryote specific
proteins, eL27, eL34, and eL38 and includes both ends of
the g unit as well as a 30 and b 50 ends (Figure 3D). A highly
flexible loop of 5.8S, which is slightly extended in trypano-
somatids (ES3L; Figure 3D), is penetrating deeply into the
convergence pocket. The most notable observation resulting
from this arrangement is that the 5.8S rRNA appears to be
a common component of all three focal points, with three
distinct domains reaching out to each of the rRNA conver-
gence cavities. Based on this observation we hypothesizeCthat the 5.8S rRNA might serve as
an organizing center that directs rRNA
folding and ribosome assembly.
Leishmanial rRNA Is Modified at
Unique Positions
An additional unique property of kineto-
plastid ribosomes is the unusually large
number of modified rRNA positions when
compared to other species (Eliaz et al.,
2015; Liang et al., 2005; Michaeli et al.,2012). Earlier studies in bacteria and archaea showed the neces-
sity of rRNA modifications for ribosomal catalytic activity and for
rRNA folding during ribosome biogenesis (Green and Noller,
1996; Schmeing et al., 2005; Demirci et al., 2010). Recent struc-
tural work on E. coli (Fischer et al., 2015) and T. thermophilus
(Polikanov et al., 2015) ribosomes observed the rRNA modifica-
tion pattern in bacterial ribosomes at the atomic level. These
studies, which highlighted the importance of such modifications
for bacterial ribosome integrity and function, demonstrated their
impact on the conformation of binding pockets for several anti-
bacterial agents. While the number of modified rRNA positions
in E. coli and T. thermophilus are 35 and 23, respectively, rRNA
modifications in eukaryotes usually exceed 100 modified resi-
dues (Yip et al., 2013). Despite their prevalence, the structural
and functional aspects of these modifications have not yet
been addressed. The majority of rRNA modifications in eukary-
otes are 20-O methylations and pseudouridinylations, with both
types mediated by small nuclear RNAs (snoRNAs) that guide
universal 20-Omethyltranferases and pseudouridine synthetases
to the modification sites. Bioinformatics studies predicted that
Leishmania and Trypanosoma ribosomes contain 165 and 142
rRNA modifications, respectively, which are mostly conserved
among the two species (Eliaz et al., 2015; Liang et al., 2005).
Furthermore, about 40% of these modifications are predicted
to be located outside the highly conserved rRNA regions that
are also modified in other eukaryotes (Figures 4A, 4B, and S4).ell Reports 16, 288–294, July 12, 2016 291
Figure 4. LSU rRNA Modifications
Leishmania LSU rRNA is heavily modified by multiple 20-O methyl groups and pseudouridins. The modified residues are mainly localized at functional ribosomal
sites such as the PTC, the L1 stalk, the protein exit tunnel, and all three tRNA binding sites (A) and are mostly distributed within internal parts of the ribosome (B).
The predicted modified nucleotides as observed from two ribosomal views, one from the tRNA binding site in the subunit interface (A) and the other from the
solvent exposed surface (B). 20-O methylation sites that are unique to trypanosomatids are highlighted in red, pseudouridinylations are highlighted in cyan, and
dihydrouridines are highlighted in green. The eukaryote conserved residues are highlighted in yellow. A, P, and E site-tRNAs are presented as orange tubes and
were modeled to their binding sites from previously reported yeast and rabbit cryo-EM structures of ribosomes at high resolution (Schmidt et al., 2016; Brown
et al., 2015). Some rRNA modifications are also located in close proximity to the three focal points and interact with residues belonging to other chains.
(C–E) Close up of modifications and their interaction networks in focal points I-III (C–E), respectively (also outlined in B). rRNA chains are colored in red, cyan, and
yellow for a, b, and 5.8S, respectively, and protein uL23 is shown in light green. The interacting residues are presented in a ball-and-stick representation and
atoms are colored according to their identity. The polar contacts are presented as black dashed lines.In the leishmanial ribosome, 99 of these modifications are
predicted to occur in the LSU, with 57 20-O methylations and
42 pseudourinylations. The methylation on 20-O sugar could be
clearly observed in our maps, and we located 35 out of 57 pre-
dicted methylation sites in our structure (Figure S4; Table S2).
In addition, we observe an 11 additional methylation sites that
were not predicted by the leishmanial snoRNA profile, but
were previously reported in other eukaryotes (Piekna-Przybylska
et al., 2008). Even though pseudo-uridines could not be identi-
fied in density maps due to their minute chemical differences
from uridines, their presence could be indirectly conferred by
inspections of polar residues present in the vicinity of their N1
position (Fischer, et al., 2015). A non-planar geometry was
observed in one rRNA residue that has been predicted to be
pseudo-uridinylated in Leishmania (U1404, chain b; Figure 1E),
implying that the residue has been modified to dihydrouridine
rather than to a pseudouridine, as predicted.
Some rRNA modifications in bacterial ribosomes have been
shown to localize in functional ribosomal targets such as the
PTC, the peptide exit tunnel, and the mRNA-tRNA accommoda-292 Cell Reports 16, 288–294, July 12, 2016tion corridor (Fischer et al., 2015; Polikanov et al., 2015). As in
prokaryotes, Leishmania modifications are mainly located in
functional regions and are mostly present in internal ribosomal
parts rather than on the periphery (Figures 4A, 4B, and S4). How-
ever, in trypanosomatids, the number and spread of such modi-
fied residues in ribosomal functional regions are significantly
increased, while we additionally observe modifications in the
L1 and L7/12 stalk domains (Figure 4A). Furthermore, trypanoso-
matid specific modifications are localized beyond the known
functional ribosomal domains. Three 20-O methylation sites
unique to this family are localized in close proximity to the three
focal points (Figure 4B) and include two modifications on the
5.8S chain (m2A162 and Um7 in focal points I and II, respectively)
and one in a (Gm1628, in focal point III). The modified residues
are directly involved in electrostatic interactions with residues
belonging to alternate rRNA chains. Um7 and m2A162 of 5.8S
maintain base interactions with A456 and U8 of a, respectively,
and Gm1628 of the a chain interacts with A18 of b via non-
canonical interactions with the sugar edge of A18 (Figures 4C–
4E and S6). m2A162 and Gm1628 also maintain electrostatic
interactionswith uL23, a universally conserved ribosomal protein
that is involved in protein exit tunnel composition (Figures 4D and
4E). Since 20-O methylations are considered to be important for
RNA stabilization (Eliaz et al., 2015), we hypothesize that modifi-
cations in proximity to fragmented rRNA terminals may aid focal
point formation during ribosome biogenesis and enhance the
stability of the segmented ribosome by holding the rRNA edges
intact. Ribosome stabilization might be further facilitated by
close interactions between rRNA and ribosomal proteins located
in the focal point vicinity (Figures S6B–S6D).
Implications for Kinetoplastid Ribosome Biogenesis
As in other eukaryotes, the rRNA in kinetoplastids is encoded
as a single transcription unit that contains sequences corre-
sponding to the 18S, 5.8S, and 26S (the 5S rRNA is encoded
from a separate transcription unit) (Figure 2C). These coding re-
gions are separated by two internally transcribed sequences
(ITS1 and ITS2) that are later processed by exo- and endo-
nucleases (Woolford and Baserga, 2013). Previous biochemical
work on ribosome biogenesis in yeast and other eukaryotes
indicated that the elimination of ITS1 and ITS2 from the nascent
rRNA transcript is a multistep process that involves many as-
sembly factors and the sequential incorporation of ribosomal
proteins (Woolford and Baserga, 2013; Gamalinda et al.,
2014; Strunk et al., 2011). These studies demonstrated that
ITS1 is cleaved very early in ribosome biogenesis, separating
the 18S rRNA from the LSU components. The last cleavage
step in ITS1 processing releases the 50 end of 5.8S and enables
its base pairing with a complimentary sequence residing within
26S domain I to form helix 2 (H2) (Woolford and Baserga, 2013).
The cleavage of ITS2 occurs in later steps of ribosome biogen-
esis and results in the release of the 30 end of 5.8S from the
conjugated 26S rRNA (Woolford and Baserga, 2013). Notably,
all rRNA ends composing focal point I in the leishmanial ribo-
some are centered in regards to the 50 end of 5.8S, whereas
the rRNA ends composing focal points II and III are in close
proximity to the 30 end of the 5.8S rRNA. Assuming that the
processing of ITS1 and ITS2 in kinetoplastids is similar to other
eukaryotes, it is possible that focal point organization during
ribosome biogenesis starts with the assembly of focal point I
after ITS1 cleavage and proceeds with the assembly of focal
points II and later III following the cleavage of ITS2. This order
of formation of the three focal points is further supported by the
relative time point of assembly of the ribosomal proteins
defining the focal cavities. Analysis of yeast phenotypes result-
ing from mutational analysis of ribosomal proteins (Gamalinda
et al., 2014) has shown that the proteins surrounding focal
points I and II assemble in early steps in ribosome biogenesis,
whereas proteins surrounding focal point III enter in median
steps of biogenesis.
Kinetoplastid ribosome coding regions differ from those of
other eukaryotes mainly in including five additional ITSs that
separate the six segments of 26S rRNA. The length and se-
quences of these segments show significant variability between
different class members, and the mechanism(s) by which they
are excised from the premature ribosome are currently unknown.
The observation that the rRNA segment terminals converge into
three surface exposed focal points in the leishmanial ribosome(Figure 3) strongly suggests that cleavage of these segments
occurs during or post ribosome assembly, rather than in conju-
gation with operon transcription. In addition, given the distant
location of focal point I from II and III, we hypothesize that at least
two different nucleases are involved in the cleavage mechanism
of the rRNA ITSs. However, it remains unclear whether the cleav-
age events are conjugated to focal point formation. The pres-
ence of kinetoplastid specific expansions in focal points I and
III, which are unique to this class, highlights the possibility that
these rRNA expansions are involved in the cleavage mechanism
after or during focal point formation. It is also possible that the
unique rRNA modifications around the focal points may be
needed for the diverged rRNA processing events in these spe-
cies. It should be noted that recent work has highlighted the
role of rRNA modifications in ribosome biogenesis of other
eukaryotic species (Lafontaine, 2015), while earlier studies
with trypanosomatids highlighted the importance of snoRNA
and possibly rRNA modifications in rRNA processing (Michaeli
et al., 2012). Interestingly, our structure reveals that protein
uL23 maintains close interactions with two modified rRNA resi-
dues in close proximity to focal points II and III. uL23 has been
shown to be essential for rRNA processing as its absence leads
to inhibition of ITS2 cleavage (Gamalinda et al., 2014), an event
that is likely a key for the generation of these focal points. In
any case, the Leishmania ribosome LSU structure illustrates
the end point of ribosome maturation and further detailed
biochemical and structural investigations into intermediate spe-
cies will be needed to fully decipher the mechanism of trypano-
somatid ribosome biogenesis.
Conclusions
The Leishmania LSU structure highlights the unique nature of
trypanosomatid ribosomes and the divergent pathway of their
biogenesis.Understanding themechanismof rRNAsegmentation
and its benefits to the translation apparatus are of great impor-
tance for the design of new therapeutic strategies that will target
the parasite’s ribosomes. The atomic model obtained here con-
stitutes the structural framework for understanding events in try-
panosomatid ribosome biogenesis, while also providing a solid
structural basis for the development of novel and highly selective
anti-parasitic agents.
EXPERIMENTAL PROCEDURES
91S ribosomes were purified from L. donovani promastigotes by gradual
centrifugation steps that included a 1.1 M sucrose cushion followed by a
15%–30% sucrose gradient. The samples were vitrified and data were manu-
ally recorded on a Titan Krios electron microscope (FEI) equipped with a K2
Summit direct electron detector (Gatan). 3D reconstruction was performed
using RELION 1.3 (Scheres, 2012). Model building was executed in COOT
(Emsley et al., 2010) and was later refined by phenix.real_space_refine imple-
mented in PHENIX (Afonine et al., 2013). See Supplemental Information for a
detailed description of methods.
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